Ar dates signifi cantly younger than 1.7 Ga. We believe these samples were partially reset during contact metamorphism by Cretaceous (75 Ma) intrusive rocks. Hydrothermal alteration associated with ca. 1.4 Ga rifting led to growth of muscovite with that age in the Ruby Range, but this alteration was apparently not hot enough to reset biotite and hornblende ages there.
INTRODUCTION
The Tobacco Root Mountains of southwestern Montana ( Fig. 1 ) are cored by metamorphic rocks of the Wyoming province that are believed to have a geologic history spanning at least 3 Ga. Sensitive high-resolution ion microprobe (SHRIMP) dating of individual Tobacco Root Mountain zircons by Mueller et al. (1998) yielded detrital zircon core ages of 3.2 to 3.9 Ga, with none younger than 2.9 Ga. Although Rb/Sr studies by Mueller and Cordua (1976) and by James and Hedge (1980) yielded a whole-rock age of 2.7 Ga for the metamorphic rocks of this region, consistent with similar ages reported for the central Wyoming province, recent work on U and Pb isotopes of monazite and zircon (Krogh et al., 1997; Burger et al., 1999; Cheney et al., 1999; Dahl et al., 1999; Roberts et al., 2002; Dahl et al., 2002; Cheney et al., 2004b, this volume, Chapter 8; Mueller et al., 2004, this volume, Chapter 9) has identifi ed metamorphic events in the Tobacco Root Mountains at 2.45 Ga and between 1.78 and 1.72 Ga with no clear evidence for a 2.7 Ga event.
Early K/Ar studies of biotite in southwest Montana by Wehrenberg (1959, 1960) demonstrated that the Tobacco Root Mountains rocks experienced a heating event at 1.7 Ga that was not observed in the Archean rocks of the Beartooth Plateau. Giletti and Gast (1961) using Rb/Sr data for micas and Giletti (1966 Giletti ( , 1968 using K/Ar and Rb/Sr data for micas and whole rocks showed that the entire northwestern portion of the Wyoming province was heated at 1.6-1.7 Ga, including the Tobacco Root Mountains and adjacent Ruby Range and Highland Mountains. Giletti (1966) presented a map of the Wyoming province showing a line that divided the 1.6-1.7 Ga terrane from the rest of the Wyoming province. Marvin and Dobson (1979) also reported 1.7 Ga K/Ar ages for muscovite in a pegmatite and for hornblende in gneiss from the northern Tobacco Root Mountains. However, because the studies of Mueller and Cordua (1976) Ar dating. Solid circles-samples newly described in this paper. Open circlessamples of Brady et al. (1998) . Solid squares-samples of Giletti (1966) . Open squares-samples of Harlan et al. (1996) . Solid diamond-samples of Marvin and Dobson (1979) . Open diamond-sample of Hayden and Wehrenberg (1960) . Stars-samples of Roberts et al. (2002) . and James and Hedge (1980) showed 2.7 Ga Rb/Sr data that were apparently not reset at 1.6-1.7 Ga, it was generally believed that the 1.6-1.7 Ga metamorphism was a low-grade, patchy, greenschist facies event (e.g., Mueller and Cordua, 1976; Berg, 1979; Dahl, 1979) with little accompanying deformation or fabric development. Indeed, most of the data were from micas, which can be crystallized or have their K/Ar clocks reset at relatively low temperatures (300-400 °C, McDougall and Harrison, 1988) .
More recently, O'Neill et al. (1988a O'Neill et al. ( , 1988b ) described 1.8-1.9 Ga euhedral rims on zircon crystals in a Highland Mountains gneiss dome, which they believe demonstrate a signifi cant metamorphism accompanied by penetrative deformation-certainly more signifi cant than a static regional greenschist facies heating. Erslev and Sutter (1990) and Harlan et al. (1996) also argued that the Proterozoic heating recorded by mica and amphibole K/Ar data was a major, regional event involving signifi cant deformation.
It was in this context that we obtained a number of 40 Ar/ 39 Ar isometric ages that further constrain the tectonometamorphic history of the region as part of an ongoing study of the metamorphic rocks of southwest Montana (Brady et al., 1994; Kovaric et al., 1996; Brady et al., 1998 Ar data presented by Roberts et al. (2002) . We join the other authors cited previously to argue that the 1.7 Ga ages determined for the potassium-bearing minerals of the Tobacco Root Mountains and adjacent ranges date their cooling at the end of a major orogenic event that included regional-scale, granulite facies metamorphism. We argue further that the similar K/Ar and 40 Ar/
39
Ar ages obtained for hornblende, biotite, and muscovite are evidence for rapid cooling, consistent with a model of decompression due to tectonic unroofi ng as suggested by Cheney et al. (2004a, this volume, Chapter 6) .
SAMPLES
The Tobacco Root Mountains samples were collected by Jacob (1994) , King (1994) , and Tierney (1994) from amphibolites and gneisses while studying the metamorphism, geochemistry, and structure of the Spuhler Peak Metamorphic Suite and adjacent Indian Creek Metamorphic Suite (see Fig. 1 ). The Spuhler Peak Metamorphic Suite is a mafi c unit-largely of basaltic composition but with signifi cant portions of Ca-poor, Mg-Fe-rich orthoamphibole gneisses and layers of Al-rich quartzite-that outcrops principally along the southwestern margin of the Tobacco Root batholith (see also Burger, 2004, this volume, Chapter 1; Vitaliano et al., 1979a , see reprinted map and text accompanying this volume). The Indian Creek Metamorphic Suite is a quartzofeldspathic gneiss package that also includes marbles, metamorphosed iron formation, and other metasediments as well as felsic meta-igneous rocks, and occupies the southern portion of the Tobacco Root Mountains (see Vitaliano et al., 1979b; Mogk et al., 2004, this volume, Chapter 2) . Amphiboles were also dated from weakly foliated and locally folded metamorphosed mafi c dikes and sills (MMDS) that crosscut the Ruby Range rocks were collected in 1990 by Green (1991) , Larson (1991) , and Brady et al. (1991) in pursuit of an origin for the talc deposits in the marbles there (see Brady et al., 1998) . All of the Ruby Range samples were taken from gneisses, marbles, or amphibolites of the Christensen Ranch Metamorphic Suite within or adjacent to talc deposits (see James, 1990) . The Highland Mountains sample was collected by Brady in 1978 from gneisses within a chlorite deposit as part of the Dillon 1° × 2° Sheet study of the U.S. Geological Survey. More detailed sample information can be found in the theses listed above as well as in Table 1 . Ar total gas methods on irradiated hornblende grains as described in Hames and Cheney (1997) . Other Tobacco Root Mountains samples were dated at UCLA by Kovaric (1996) following standard step-heating procedures of irradiated bulk mineral separates (Quidelleur et al., 1997) . The Ruby Range samples (Brady et al., 1998) were analyzed at the University of Maine, also following standard step-heating procedures of irradiated bulk mineral separates (Lux et al., 1989) .
METHODS

RESULTS
Sample information, total gas ages, and plateau ages where available are listed for all samples in Table 1 . Errors for the ages in Table 1 are reported as one standard deviation (1σ). Also compiled for comparison in Table 1 Ar total gas method. Data for these 89 crystals are collected in a histogram in Figure 2 (see also Fig. A3 ). The ages shown in gray are for the 29 crystals of samples TK-58, TK-68, TK-69, which we believe to have been partially reset by Cretaceous intrusions, based on their location and on their scattered ages. The 60 ages shown in black have a mean of 1.71 ± 0.02 Ga. Some of these individual ages are older than the metamorphic maximum that occurred between 1.78 and 1.72 Ga (Cheney et al., 2004b, this volume, Chapter 8; Ar step-heating plateau ages with a mean of 1.73 ± 0.02 Ga, identical to the best-estimate (near-plateau) age for a hornblende sample from the same rocks. The similarity of the step-heating plateau ages to the mean of the 60 UV laser microprobe total gas ages leads us to believe that 1.71 ± 0.02 Ga is the most recent time the metamorphic rocks in the Tobacco Root Mountains and in the Ruby Range were at temperatures above the Ar closure temperature of hornblende and biotite.
Monazite and zircon studies (Krogh et al., 1997; Burger et al., 1999; Cheney et al., 1999; Dahl et al., 1999; Dahl et al., 2002; Cheney et al., 2004b, this volume, Chapter 8; Mueller et al., 2004, this volume, Chapter 9) show that there was a major, orogenic event (the Big Sky orogeny) that affected the Tobacco Root Mountains region during the Middle Proterozoic. Detailed monazite data on Pb isotopes are interpreted by Cheney et al. (2004b, this volume, Chapter 8) to mean that high-pressure metamorphism with monazite growth beginning at 1780 Ma was followed by low-pressure metamorphism with monazite growth ending at 1720 Ma (see also Cheney et al., 2004a, Table 1 is presented in Figure 3 with our data (23 samples) shown in the gray pattern. Most (55) of the ages in Figure 3 fall in a group between 1.54 and 1.84 Ga with a mean of 1.70 ± 0.07 Ga. Nine ages form a group between 72 and 248 Ma. Another seven ages fall between these two groups. Based on the data in Figure 3 , there is no signifi cant or systematic difference in age between the various Precambrian rock suites (Indian Creek Metamorphic Suite, Pony-Middle Mountain Metamorphic Suite, Spuhler Peak Metamorphic Suite, and MMDS) in the Tobacco Root Mountains. However, the scatter among the total gas ages is too large (300 m.y.) to reasonably attribute to differences in cooling age from a single orogenic event. Clearly, some samples must have been disturbed by subsequent heating to lose Ar, while other samples must have acquired excess Ar.
We interpret the nine 72-248 Ma ages to be the result of partial to complete Ar loss due to heating by nearby 75 Ma intrusive igneous rocks (Tobacco Root batholith, Hells Canyon pluton, and smaller igneous bodies). Two of these nine ages, for Highland Range micas, were reported by Giletti (1966) , who fi rst recognized this Cretaceous resetting. Eight of these nine samples are mica separates (biotite or muscovite), which can lose their Ar if heated to between 300 and 400 °C (McDougall and Harrison, 1988) . In our study, both biotite and hornblende were separated and dated from one Tobacco Root Mountains Spuhler Peak Metamorphic Suite sample (KAT-21). Both minerals have disturbed 40 Ar/ 39 Ar step-heating spectra (Fig. 4) and no good age plateau (adjacent steps including >50% of the 39 Ar, all within 2σ of the plateau age). The hornblende yields a total gas age of 1639 ± 26 Ma, whereas the biotite gives a total gas age of 129 ± 6 Ma. Because the biotite age is close to the Tobacco Root batholith intrusion age (75 Ma, Vitaliano et al., 1980) , we believe this sample was heated above 300 °C by that intrusion. Because the hornblende is only slightly 
Number of Samples
Total Gas Age (Ma) Ar total gas ages from the literature, mostly Roberts et al. (2002) . Samples in stripes are K/Ar total gas ages from the literature. Bin size is 40 m.y. The large cluster of ages with a mean of 1.70 ± 0.07 Ga is believed to record cooling from a 1.78 to 1.72 Ga regional metamorphism of upper-amphibolite or granulite facies. Younger ages are believed to refl ect various degrees of 40 Ar loss due to later heating by Late Cretaceous intrusive rocks. . 40 Ar/ 39 Ar step-heating age spectra for hornblende and biotite separated from the same Tobacco Root Mountains Spuhler Peak Metamorphic Suite sample (KAT-21). The young age of the biotite is due to 40 Ar loss resulting from heating by Late Cretaceous (75 Ma) intrusive rocks. The hornblende gives much older age steps, with a best-estimate age of 1700 ± 9 Ma that would be a plateau without steps fi ve and six. disturbed, the host rock was probably not heated above 500 °C, but the hornblende total gas age may be a minimum age. Indeed, there is a "near plateau" at 1700 ± 9 Ma that is our best estimate of the metamorphic cooling age of this sample, so there may have been some Ar loss due to heating by the intrusion. Sample KAT-21 was collected approximately one kilometer from the surface exposure of the Tobacco Root batholith. Using simple thermal models for batholith emplacement (Jaeger, 1964) , Kovaric (1996) demonstrated that temperatures between 300 and 500 °C are reasonable contact metamorphic temperatures for the size of the batholith and the position of the samples.
Several samples give ages between the main group with the 1.70 ± 0.07 Ga mean and the young group clearly reset by the Cretaceous intrusions. One of these (JBB-AC-22) is a muscovite sample from a zone of hydrothermal alteration that formed a talc deposit in the Ruby Range. Brady et al. (1998) argue that this age (total gas = 1.33 ± 0.01 Ga, plateau = 1.36 ± 0.01 Ga) represents the growth of muscovite during formation of the talc as part of ca. 1.4 Ga rifting. Indeed, this sample was collected in an attempt to learn the age of talc formation. Because samples of biotite (RP-2, RK-12, ACL-023), phlogopite (ACL-005, SW8), and hornblende (RK-10) near the talc deposits were not reset, the hydrothermal alteration and growth of mica must have occurred at temperatures below 300 °C. The three amphibole samples (TK-58, TK-68, TK-69) that give intermediate mean ages (839, 1228 (839, , 1298 were collected near one another about one kilometer from the Tobacco Root batholith contact and even closer to several satellite intrusions. We believe that these three samples were heated enough to lose some, but not all, of their Ar. The heating of these samples was probably due to the batholith, but these and other intermediateage samples may have been affected by the intrusion of (unmetamorphosed) mafi c dikes during the Proterozoic era at 1450 Ma (Wooden et al., 1978) or at 780 Ma (Harlan et al., 2003) . Ar UV laser spot heating of irradiated single crystals, and in a number of different labs (Fig. 3) . As fi rst observed by Hayden and Wehrenberg (1959) and more fully documented by Giletti (1966) , the K/Ar systems of the metamorphic rocks of the Tobacco Root Mountains and adjacent areas record Early Proterozoic ages, unless reset by thermal effects such as those due to Late Cretaceous plutons. Ar data reported here further document the nature of the Proterozoic event. The Indian Creek Metamorphic Suite, which was previously metamorphosed at 2.45 Ga 2004b, this volume, Chapter 8) , and the MMDS, which were intruded at 2.06 Ga Mueller et al., 2004, this volume, Chapter 9) , must have achieved temperatures greater than ~500 °C (McDougall and Harrison, 1988) Ar ages are obtained for hornblende from the Ruby Range and the Highland Mountains is consistent with a high-temperature, tectonothermal event of regional extent.
Interestingly, the K/Ar and 40 Ar/ 39 Ar ages of amphiboles and micas are very similar in these rocks (Fig. 5) , even though the amphibole ages are believed to be set as the rock cools through ~500 °C and the mica ages are believed to be set as the rock cools through ~300 °C (McDougall and Harrison, 1988) . Cooling rate, grain size, and mineral composition can affect the value of the closure temperature, but the available K/Ar and 40 Ar/ 39 Ar data appear to refl ect fairly rapid cooling through the 500-300 °C temperature interval. Cheney et al. (2004a, this volume, Chapter 6 ) argue on the basis of mineral assemblages and reaction textures that the pressure-temperature path followed by Tobacco Root Mountains rocks during the Big Sky orogeny includes a nearly isothermal decompression segment, possibly caused by tectonic unroofi ng during late extension. If their model is correct, then one would expect rapid cooling to follow the removal of overburden. The observed similarity in amphibole and mica ages from the Tobacco Root Mountains lends support to this model.
Plateau ages for the three Highland Mountains samples reported by Harlan et al. (1996) are slightly older (averaging 1.81 ± 0.01 Ga) than the ages reported here for the Tobacco Root Mountains and the Ruby Range. Our three plateau ages for the Tobacco Root Mountains average 1.70 ± 0.02 Ga, whereas our three plateau ages for the Ruby Range average 1.73 ± 0.02 Ga. It is possible that some of the Harlan et al. (1996) samples held excess 40 Ar, giving them apparently older ages. However, it is also likely that, in an event as large as the 1.78-1.72 Ga Big Sky orogeny, rocks with different cooling histories can be found, due to their different locations in the orogen. Indeed, different levels of the crust might be juxtaposed by the extensive Cenozoic block faulting. Clearly, there is much to learn from additional isotopic studies in this region.
Recently, Roberts et al. (2002) Ar cooling age adopted in this paper. argue that all measured ages younger than 1700 Ma are for samples that have lost Ar due to the Cretaceous intrusions, and only use ages older than 1700 Ma to date cooling from the Proterozoic metamorphism, possibly biasing their results to older values. They also suggest that some of their amphibole ages that are older than 1780-1740 Ma are due to the presence of excess 40 Ar and, therefore, focus on their biotite data. As a consequence, they argue from their selected biotite data that these rocks cooled through the temperature interval of 350-300 °C during the interval 1780-1740 Ma.
The Roberts et al. (2002) interpretation of their data is in confl ict with the abundant evidence of monazite growth in the Tobacco Root Mountains as late as 1720 Ma reported by Cheney et al. (1999; 2004b, this volume, Chapter 8) , who correlate late monazite growth with a lower-pressure portion of the metamorphic pressure-temperature path at temperatures of 650-700 °C (see also Cheney et al., 2004a , this volume, Chapter 6). The Roberts et al. (2002) Ar total gas ages were set during cooling from 1820 to 1780 Ma regional metamorphism. One possible explanation for the confl ict between the data and interpretations of this paper along with the data of Cheney et al. (2004b, this volume, Chapter 8) and that of Roberts et al. (2002) is that some of the Roberts et al. (2002) Figure A1 . 40 Ar/ 39 Ar step-heating age spectra determined at University of California at Los Angeles. Figure A2 . 40 Ar/ 39 Ar step-heating age spectra determined at the University of Maine.
